Since the structure of oil palm wood varies dramatically, the property gradients of oil palm wood within a trunk are of great interest. In this study, the physical (density, water uptake and swelling in the radial direction) and mechanical properties (bending modulus of elasticity and strength, compressive modulus of elasticity and strength in the direction parallel to the fiber, compressive strength in the direction perpendicular to the fiber and shear strength in the direction parallel to the fiber) of oil palm wood for a whole trunk were examined. The water uptake, compressive strength in the direction perpendicular to the fiber, shear strength in the direction parallel to the fiber, bending modulus of elasticity and strength and compressive modulus of elasticity and strength in the direction parallel to the fiber appeared to be independent of trunk height but tended to be related to the relative distance from surface or density by a single master curve. However, the swelling in the radial direction of the oil palm wood was not correlated with the relative distance from the surface, trunk height or density. Finally, property map of oil palm wood for a cross section at any height was prepared for practical use.
Introduction
Oil palm trees (Elaeis guineensis) are commonly planted in tropical zones. A total of the oil palm plantation area found in Southeast Asia is more than half of the global oil palm plantation area [1] . The major product obtained from oil palm tree is crude palm oil, which is generally used in food industries. Oil palm trees are cut down for replanting when they reach approximately 25-30 years of age because the yield of oil palm fruits becomes relatively low [2] . An enormous amount of oil palm trunk biomass is, therefore, generated, and using this waste product as an alternative raw material to produce wood and wood based products is of great interest [3] [4] [5] [6] [7] [8] . Efficient use of oil palm trunk not only increases its economic value but also mitigates environmental concerns; currently, oil palm biomass is disposed of either by burning or through decomposition by toxic chemicals [6] .
Anatomically, the tissue of oil palm wood is made up of two main types of cells, namely fiber and parenchyma cells [2, 3] . Fiber cells are stiffer and stronger than parenchyma cells [9, 10] . The distribution of fiber within the oil palm trunk is not uniform, and fiber cells are primarily concentrated around the periphery and then scattered in the central zone [3, 10] . Generally, cell wall thickness and degree of lignification in palms vary along a cross section and with the trunk height [9, 10] , and these variations lead to differences in stiffness and strength of the oil palm wood fiber throughout the trunk [10] . Cell wall thickness and degree of lignification are typically highest around the periphery of a cross section and at the bottom of the trunk [10] .
Most of the physical and mechanical properties of oil palm wood are determined by the fiber cells [3, 10, 11] . Due to variations in the characteristics of the fiber cells and their distribution in the oil palm wood tissue, substantial variations in the physical and mechanical properties of oil palm wood have been observed [3, [10] [11] [12] [13] [14] . These variations make the practical use of oil palm wood difficult. For example, in the primary processing of oil palm wood, the sawing, chemical treatment and drying processes are complicated by the fact that woods with different characteristics need different treatments [15] . In addition, without a practical understanding of the properties of oil palm wood for specific applications, it is difficult to work with. Thus, precise property classifications of oil palm wood are needed to increase the practical applications of this material.
The aim of this research is to investigate the gradients in the physical and mechanical properties of oil palm wood at various positions along cross sections and at different trunk heights. Based on this information, property map of oil palm wood was then developed for practical use.
Materials and methods

Materials
A 25-year-old oil palm tree was felled from a plantation in the Thasala district, Nakhon Si Thammarat Province, Thailand. The height of the trunk was approximately 7.5 m. The entire trunk was cross cut to obtain 1-m-long logs. A total of seven logs were obtained. Diameter of the logs ranged from 31 cm to 48 cm. These logs were converted into lumber with the dimensions of 3 cm (radial) × 10 cm (tangential) × 100 cm (longitudinal) using a circular saw. The position of each piece of lumber with respect to the center of the cross section (r) was recorded. The lumber was dried at dry-bulb and wet-bulb temperatures of 50 and 40 °C, respectively, to final moisture contents of 12% using the laboratory kiln at the Research Center of Excellence on Wood Science and Engineering, School of Engineering and Resources, Walailak University, Thailand. After drying, the dimension lumber obtained from oil palm wood at trunk heights above 5 m had severe drying defects and, therefore, could not be utilized in this study. Thus, the samples from below that trunk height were used for preparation of the test specimens. The test specimens were prepared according to ASTM D 143 [16] with some modifications to determine the density, water uptake, swelling in the radial direction, bending and compression properties of the oil palm wood. The dimensions of the specimens used for the density, water uptake, swelling in the radial direction, compressive strength in the direction perpendicular to the fiber and compressive modulus of elasticity and strength in the direction parallel to the fiber tests were approximately 1.5 cm (R) × 1.5 cm (T) × 4.5 cm (L). The dimensions of the specimens used for shear strength in the direction parallel to the fiber were approximately 1.5 cm (R) × 1.5 cm (T) × 1.5 cm (L). The dimensions of the specimens for the bending tests were approximately 1.5 cm (R) × 1.5 cm (T) × 32 cm (L). Before testing, all specimens were kept in a conditioning room at 20 °C and 65% humidity for 1 month.
Physical property testing
Density
The weight (m) and volume (V) of specimens at 12% moisture content were measured. The density (ρ) of each specimen at 12% moisture content was then calculated using the following equation:
Water uptake (WU) and swelling in the radial direction (SR)
The weight (m) and dimensions of the specimens at 12% moisture content were measured before and after soaking in distilled water at 20 °C for 24 h. WU and SR were then calculated using the following equations:
where W after is the weight of the specimen after being soaked in water, W before is the weight of the specimen before being soaked in water, R after is the dimension of the specimen in the radial direction after being soaked in water and R before is the dimension of the specimen in the radial direction before being soaked in water.
Mechanical property testing
The mechanical property tests were conducted using a universal testing machine (Lloy, UK) under displacement control mode based on crosshead movement. The measured values were automatically calculated and recorded by the computer which was directly connected to the testing machine during the test.
Bending properties
Three-point bending tests were conducted to determine the bending properties of oil palm wood. The specimens were placed on the two supporting rollers and loaded at the midspan length with a crosshead speed of 10 mm/min until fracture (Fig. 1) . A span length to thickness ratio of 20 was used for the entire test. The bending moduli of elasticity (MOE) and strength (or modulus of rupture, MOR) were then calculated using the following equations:
where P max is the maximum load, L is the span length, b is the width of the specimen (dimension in the tangential direction), d is the thickness of the specimen (dimension in the radial direction) and (P/δ) PL is the slope within linear region of load-displacement curve. The inner face was positioned to be subjected to tensile stresses under bending to achieve more conservative results as the inner face is assumed to be weaker than the outer face.
Compression in the direction parallel to the fiber
The specimens were loaded parallel to the direction of the fiber with a crosshead speed of 2 mm/min until fracture. The compressive moduli of elasticity (E // ) and strength (σ // ) in the direction parallel to the fiber were then calculated using the following equations:
where P max is the maximum load, A is the area of the cross section, h is the height of the specimen (dimension in the longitudinal direction), (P/δ) PL is the slope within linear region of load-displacement curve.
Compressive strength in the direction perpendicular to the fiber (σ ┴ )
The oil palm wood specimen was loaded in the direction perpendicular to the fiber at mid-section through steel plate of 2 cm × 2 cm in dimension with a crosshead speed of 2 mm/min
until the deformation of 2.5 mm was reached. Compressive strength in the direction perpendicular to the fiber (σ ┴ ) was then calculated using the following equation:
where P PL is load at proportional limit and A b is load-bearing area.
Shear strength in the direction parallel to the fiber
The oil palm wood specimen was loaded on tangential-longitudinal plane with a crosshead speed of 2 mm/min until fracture. The maximum shear force (V) was then taken to calculate shear strength in the direction parallel to the fiber (τ // ) using the following equation:
where A s is shear area on tangential-longitudinal plane.
Results and discussion
The various regression relationships of the examined properties of oil palm wood, including both linear and nonlinear relationships, with their associated R-squared (R 2 ) and error sum of squares (SSE) are shown in Table 1 . The power law relationship seemed to give a better goodness of the fit for all cases, showing similar or higher R 2 and lower SSE compared with ones obtained from linear relationship. However, in case of MOE-density relationship, SSE obtained from power law relationship appeared to be slightly higher but also higher R 2 . Therefore, in this study, power law relationship was used to plot all experimental results.
Physical properties
Density
The plot of the densities of oil palm wood compared to their relative distance from the surface (the position of each specimen with respect to periphery of the cross section (R-r) divided by the corresponding radius of the cross section (R) where the specimen was taken from the trunk) at various trunk heights is shown in Fig. 2 . The density of oil palm wood at any trunk height decreased from the periphery to the central zone of the cross section, and the densities ranged from 222 kg/m 3 to 404 kg/m 3 . Basically, vascular bundles (fibers, phloem, xylem) in oil palm wood tissue congests in periphery zone (approximately 30%) and gradually decreases to the central zone (approximately 14%) Table 1 The various regression relationships of the examined properties of oil palm wood, including both linear and nonlinear relationships n = number of the test specimens, SSE is error sum of squares Properties [10] . Fiber is the determining factor in the density of oil palm wood [3, [9] [10] [11] . Thus, the density of oil palm wood should be lower in the central zone compared to the outer zone because the fiber content in the central zone is lower [3, 10] . The trend observed here corresponds to that of other palm species reported elsewhere [9] . However, it was noticed that the maximum oil palm wood density obtained from this study was lower than the ones reported in the literature [17, 18] . This might be resulting from differences in plantation area, age of oil palm trunk and position of the test specimen within the trunk. In addition, drying schedule used for drying process of oil palm wood specimens might also affect the density of oil palm wood. Using more severe drying schedule could affect parenchyma cells to collapse, resulting in increased oil palm wood density because the void volume in wood tissue had decreased.
In addition, the densities of oil palm wood for all the trunk heights fall into a single master curve with respect to the relative distance from the surface. As seen in Fig. 2 , at a given relative distance from the surface, the densities of oil palm wood at any trunk height were similar. The calculated coefficient of variance of the mean density values at various relative distances from the surface was approximately 17%. This value was higher than the coefficient of variance of the specific gravity of typical softwoods and hardwoods, which is approximately 10% [19] .
Water uptake (WU)
The plot of the water uptake capacities of oil palm wood specimens at various trunk heights against their relative distances from the surface is shown in Fig. 3 . The WU of oil palm wood decreased from the periphery to the central zones for all tested trunk heights because the central zone contains a greater fraction of thin-walled parenchyma cells [3, 10] , which provide many more cavities that can be filled with water compared to thick-walled fiber cells [3, 10] . In addition, higher content of starch, which could also retain water in oil palm wood tissue, in central zone [20] , might also contribute to higher WU value of oil palm wood in central zone. It should also be noticed that the WU values of oil palm wood samples from all tested trunk heights fell along a single master curve with respect to their relative distance from surface (Fig. 3) . The calculated coefficient of variance of the mean WU value at various relative distances from the surface was approximately 16%. In addition, the WU of oil palm wood was directly proportional to the reciprocal of wood density regardless of the position of the wood specimen within the trunk (Fig. 4) . This value for typical woods is strongly dependent on the presence of cavities in the wood tissue, which is inversely proportional to the wood density [21] . Thus, the WU capacities of lower density oil palm wood should be higher due to more cavities that can be filled with water.
Swelling in the radial direction (SR)
The plot of swelling in the radial direction of the oil palm wood for all trunk heights against the relative distance of the sample from the surface is shown in Fig. 5 . The SR of oil palm wood varied substantially, and no correlation between the experimental SR values and the relative distance from the surface was observed. The values of SR ranged from 1.9 to 23.8%. Figure 6 shows the relationship between the experimental SR data against oil palm wood density which seems to be fairly weak (R 2 = 0.37 and SSE = 1,328). Generally, SR for typical softwoods and hardwoods increases with wood density [22] . This is because higher density woods have thicker cell walls and, therefore, they tend to swell more compared to lower density wood. However, in the case of oil palm wood, the swelling mechanism might be different from that of typical woods because oil palm wood tissue consists of two different types of cells (fiber and parenchyma cells). These cells have different cell wall thicknesses as indicated by easy collapse of the thin-walled parenchyma cells during drying [6, 12] . The increase in volume of oil palm wood during the thickness swell experiments might not only be contributed by swelling of wood cell wall but also an increase in volume of water-filled cell cavity during soaking in water. Furthermore, it might also be possible that the drying/swelling response of parenchyma cells might be dependent on its location along trunk heights because wood cells are younger at the top part of the trunk [3, 10] . This might be the reason for weak relationship of swelling of oil palm wood tissue with either relative distance from 
Mechanical properties
Bending properties
The plot of MOE and MOR of the oil palm wood samples from all the tested trunk heights compared to their relative distances from the surface is shown in Fig. 7 . The values of both parameters for oil palm wood samples for all tested trunk heights increased from the central to the periphery zones within a cross section because the fiber contents are higher in the periphery zones [3, 10] . This trend is consistent with those reported elsewhere for other palm species [23] . All experimental data seemed to fall into a single master curve with respect to the relative distance from the surface for all tested trunk heights. As seen in Fig. 7 , at a given relative distance from the surface, the MOE and MOR of the oil palm wood samples from all tested trunk heights were similar. The calculated coefficients of variance of the mean MOE and MOR values were approximately 55 and 54%, respectively. These values were higher than those of typical woods, which are approximately 16 and 22%, respectively [19] . These results indicate that the variations in the values of the MOE and MOR of oil palm wood are greater than the variations seen in other woods. The plot of the MOE and MOR of the oil palm wood samples compared to their density is given in Fig. 8 . The values of both parameters increased with increasing density because the fiber content is higher in a higher density wood [3, 10, 11, 23] . In addition, all experimental data appeared to fall along a single master curve with respect to density. The stiffness and strength of oil palm wood fiber have been reported to vary depending on the position along the cross section and trunk height [10] . However, the results in this study indicate that the values of MOR and MOE of oil palm wood were strongly related to the apparent density regardless of the position of the wood sample within the trunk. The relationship between each of these values and the density of the samples followed power law equations with similar exponents (2.82 and 2.32, respectively). The trend of this result was similar to those reported elsewhere for other palm species [23] . Rich [23] examined six palm species and reported that the MOR and MOE of all palm species examined were related to their dry densities by power law relationships with similar exponents (2.05 and 2.45, respectively) to those of the oil palm species studied herein. Figure 9 shows the relationship between MOR and MOE of oil palm wood which seems to be very strong, showing relatively high R 2 (0.81) and low SSE (212). Typically, the R 2 of 0.5 is observed for softwoods; i.e., 50% variation in the strengths can be explained by MOE as a non-destructive prediction parameter. It might be possible that the large range of MOE values of oil palm wood could improve R 2 . 
Compressive properties in the direction parallel to the fiber
The plot of E // and σ // of the oil palm wood for all tested trunk heights compared to their relative distance from the surface is shown in Fig. 10 . The values of both parameters for oil palm wood increased from the central to periphery zones within a cross section because, as mentioned above, the fiber content in the periphery zone is higher. The values ranged from 1.3 to 10.2 MPa for σ // and 114-996 MPa for E // . In addition, all experimental data fell along a single master curve with respect to their relative distance from the surface (Fig. 10) . The calculated coefficients of variance of the mean values of the E // and σ // at various relative distances from surface were approximately 60 and 53%, respectively. These values were approximately 3.0-3.3 times higher than those of typical softwoods and hardwoods, which are approximately 18% [19] . Figure 11 shows the plot of the σ // and E // relative to density, and both of these parameters increased with increasing 12 Relationship between compressive strength and modulus of elasticity in the direction of the fiber of oil palm wood density because higher density woods have higher fiber contents. Moreover, both parameters seemed to be strongly related to the density of the oil palm wood regardless of the position of the wood sample within the trunk. As seen in Fig. 11 , the experimental values of the σ // and E // of the oil palm wood at all tested trunk heights fell along a single master curve with respect to density. The values of both parameters and density were related by power law equations. The exponents for E // and σ // were approximately 2.67 and 2.76, respectively. Notably, these exponents were similar to those of MOE and MOR. Figure 12 shows that the σ // seemed to be strongly related to E // , showing relatively high R 2 (0.82) and low SSE (48.8). This indicates that σ // could be predicted from the known E // value, which would be useful for strength grading and design of oil palm wood in practice.
Moreover, it was also observed that at a given density, the E // and σ // of the oil palm wood were approximately 0.3 and 0.5 times of the MOE and MOR, respectively. The σ // / MOR ratio of oil palm wood was similar to those of typical softwoods and hardwoods, which are approximately 0.56 for clear wood specimens [19] . The ratio between the E // /MOE of oil palm wood (0.3) was lower than those of typical softwoods, which are approximately 0.96-1.23 [24] . Moreover, the modulus and strength under compressive and bending loads of oil palm wood were lower than those of typical softwoods and hardwoods with the same densities [19] . Compressive strength in the direction perpendicular to the fiber of oil palm wood at all tested trunk heights plotted against relative distance from the surface is shown in Fig. 13 . The result showed that σ ┴ value of oil palm wood appeared to increase from periphery to central zone, but small gradient (the values ranged from 0.4 to 1.2 MPa). Moreover, it was found that experimental data for all tested trunk heights are related to relative distance from the surface (1-r/R) by a single master curve. The calculated coefficient of variance of the mean value was about 26%. This value is slightly lower than that of typical wood which was reported to be about 28% [19] . In addition, it was also found that σ ┴ value of oil palm wood appeared to increase with density by a single master curve (Fig. 14) . Higher fraction of fiber might contribute to increase load carrying capacity of higher density wood.
Shear strength in the direction parallel to the fiber (τ // )
Shear strengths in the direction parallel to the fiber of oil palm wood at all tested trunk heights plotted against relative distance from the surface is shown in Fig. 15 . The result showed that τ // value seemed to slightly decrease from periphery to central zone for all tested trunk heights but correlation between τ // value and relative distance from the surface was poor as can be seen in Fig. 15 . The calculated coefficient of variance of the mean value was about 27% which is two times greater than that of typical wood [19] . Plotting τ // value against density, it was found that τ // value seemed to increase with density (Fig. 16) . However, the correlation between both values was poor, showing R 2 value of 0.33. Examination of fracture surface of oil palm wood specimen revealed that parenchyma cell tore away due to shear force while vascular bundles still stick on to the ground tissue (Fig. 16 ). This indicates that shear strength parallel to the direction of fiber of oil palm wood is governed by parenchyma cell characteristic. The lower shear strength may arise as a result of lower degree of lignification of parenchyma cell in central zone or lower density wood [3] .
Property map for oil palm trunk
Notably, a number of properties vary with relative distance from the surface (1-r/R) but are independent of height, so a property map can be developed. Figure 17 shows the various properties of oil palm trunk for any cross sections with respect to the relative radius (r/R). The dashed lines in each figure represent the wood samples with the same property. The density and strength of oil palm wood increase while WU decreases moving from the central to periphery zones. These maps could facilitate the practical grading of oil palm wood properties. However, the effects of other potential parameters that may impact the properties of oil palm wood, such as age, the variation between the different trunk, species and plantation area of oil palm tree and drying condition should be explored to increase the precision of these maps.
Conclusions
The following conclusions can be drawn from this study.
1. Density, shear strength in the direction parallel to the fiber, compressive strength in the direction perpendicular to the fiber, bending modulus of elasticity and strength and compressive modulus of elasticity and strength in the direction parallel to the fiber for all tested trunk heights increased whereas WU decreased moving from the central to the outer zones within a cross section. 2. Water uptake, shear strength in the direction parallel to the fiber, compressive strength in the direction perpendicular to the fiber, bending modulus of elasticity and strength and compressive modulus of elasticity and strength in the direction parallel to the fiber for all tested trunk heights appeared to be related to the relative distance from the surface or density by a single master curve regardless of the position of the wood within the trunk. 3. Swelling in the radial direction of the oil palm wood was not related to the position within the trunk or density. 4. Property map of oil palm wood was prepared to facilitate the determination of required wood properties. 
